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HIGHLIGHTS 


►  The  GdSmZr207  ceramic  exhibits  a  single  phase  of  the  pyrochlore-type  structure. 

►  1  wt.%  of  NiO  to  GdSmZr207  promotes  sintering  densification. 

►  1  wt.%  of  NiO  to  GdSmZr207  reduces  sintering  temperature  by  about  200  K. 

►  Total  conductivity  of  GdSmZr207  was  not  adversely  affected  by  the  addition  of  NiO. 
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The  effect  of  nickel  oxide  addition  on  the  sintering  behavior  and  electrical  properties  of  the  GdSmZr207 
ceramic  has  been  investigated.  The  crystal  structure,  microstructure  and  electrical  properties  of  the 
GdSmZr207  ceramic  incorporated  with  or  without  1  wt.%  nickel  oxide  are  characterized  by  the  X-ray 
diffraction,  field-emission  scanning  electron  microscopy  and  electrochemical  impedance  spectroscopy, 
respectively.  The  GdSmZr207  ceramic  exhibits  a  single  phase  of  the  pyrochlore-type  structure.  No 
chemical  reaction  between  GdSmZr207  and  NiO  is  found  in  the  sintered  samples.  The  grain,  grain 
boundary,  and  total  conductivity  of  the  GdSmZr207  ceramic  with  or  without  NiO  addition  obey  the 
Arrhenius  relation.  The  addition  of  a  small  amount  of  NiO  to  the  GdSmZr207  ceramic  greatly  promotes 
the  densification  process,  achieving  93%  of  the  theoretical  density  after  sintering  at  1773  K  in  air.  This 
reduces  the  sintering  temperature  by  about  200  K,  without  adversely  affecting  the  total  conductivity  of 
the  GdSmZr207  ceramic.  The  GdSmZr207  ceramic  with  1  wt.%  NiO  addition  is  an  oxide-ion  conductor  in 
the  oxygen  partial  pressure  range  of  1.0  x  10  4  to  1.0  atm  at  all  test  temperature  levels. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  solid  oxide  fuel  cells  (SOFCs)  have  received  much 
attention  in  scientific  community  due  to  the  combined  advantages 
such  as  potential  long-term  stability  and  economical  competitive¬ 
ness  for  some  vehicles  and  stationary  applications  [1-3].  In  the  past 
decades,  YSZ  (8  mol.%  yttria-stabilized  zirconia)-based  materials 
have  been  widely  studied  as  the  solid  electrolyte  material  [4—6],  At 
the  same  time,  the  anode  material  is  usually  Ni— YSZ  cermet,  and 
the  cathode  material  is  generally  strontium-substituted  manga- 
nites  (Lai_xSrxMn03).  However,  high  operating  temperature 
promotes  unwanted  chemical  reactions  at  the  electrolyte/cathode 
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interface,  and  leads  to  form  La2Zr207  and  SrZr03  resistive  layers 
[7,8],  Both  La2Zr207  and  SrZrCh  phases  result  in  the  decrease  of 
electrical  conductivity,  and  the  degradation  on  the  performance  of 
SOFCs.  Therefore,  lowering  the  operating  temperature  is  one  of  the 
main  objectives  for  the  SOFCs  development.  For  this  purpose,  the 
current  emphasis  mainly  focuses  on  the  search  for  other  solid  oxide 
electrolytes  with  a  higher  electrical  conductivity  [11-13]. 

Rare-earth  zirconates  with  a  general  formula  A2Zr207 
(A  =  lanthanide),  exhibit  a  pyrochlore-type  structure  or  a  defect 
fluorite-type  structure,  and  show  the  well-known  ability  of  the 
crystal  structure  to  accommodate  oxygen  nonstoichiometry  [9]. 
Shinozaki  et  al.  [10]  reported  that  the  electrical  conductivity  of 
Sm2Zr207  ceramic  was  comparable  to  those  of  other  oxide-ion 
conductors  in  the  low-temperature  regions.  In  recent  years,  great 
efforts  can  be  found  on  improving  the  electrical  conductivity 
A2Zr207-type  compounds  by  doping  with  different  metallic  cations 


Z-G.  Liu  et  al.  /  Journal  of  Power  Sources  228  (2013)  1-6 


[7,11,12].  Srri2Zr207  co-doped  with  5  mol.%  Gd  and  5  mol.%  Yb  shows 
a  higher  electrical  conductivity  than  undoped  Sm2Zr2C>7  in  the 
temperature  range  of  723-1023  K  [13],  The  GdSmZr207  ceramic 
had  the  highest  electrical  conductivity  in  the  (Gdi_xSmx)2Zr207 
(0  <  x  <  1.0)  system  from  623  to  873  K  [14],  However,  rare-earth 
zirconates  including  the  GdSmZr2C>7  ceramic  have  poor  sinter- 
ability,  and  usually  need  high  sintering  temperature  (over  1973  K) 
to  obtain  dense  bulk  materials  [15—17],  NiO  was  reported  as  an 
effective  sintering  aid  for  some  oxide  electrolytes,  such  as  YSZ  and 
perovskite-type  zirconates  and  cerates  [18—20],  NiO  is  usually  used 
in  the  anode  material  of  a  SOFC,  and  therefore  the  addition  of 


at  different  temperatures  for  10  h  in  air:  (a)  26  range  of  10-70°,  (b)  28  range  of  56-60°. 


a  small  amount  of  NiO  to  the  electrolytes  will  not  complicate  the 
composition  but  could  be  beneficial  to  the  sintering  densification  of 
materials. 

It  should  be  noted  that  the  sintering  condition  has  a  critical 
effect  on  the  electrical  conductivity  of  different  solid  oxide  elec¬ 
trolytes.  In  this  work,  the  GdSmZ^O?  ceramic  with  or  without 
1  wt.%  NiO  addition  was  prepared  by  pressureless-sintering 
method  at  different  sintering  temperatures.  The  effect  of  1  wt.% 
NiO  addition  on  the  sintering  behavior  and  electrical  properties  of 
the  GdSmZr207  ceramic  were  investigated. 

2.  Experimental  procedure 

Polycrystalline  gadolinium— samarium  zirconate  (GdSmZ^O?) 
ceramic,  with  or  without  a  small  amount  (1  wt.%)  of  nickel  oxide 
addition  (designated  with  the  sample  codes  of  GSZ  and  NGSZ, 
respectively),  were  prepared  by  a  solid  state  reaction  method. 
Starting  materials  were  commercial  Gd203  (Rare-Chem  Hi-Tech  Co., 
Ltd,  China;  purity  >  99.99%),  Sm203  (Rare-Chem  Hi-Tech  Co.,  Ltd, 
China;  purity  >  99.99%),  Zr02  (Dongguan  SG  Ceramics  Technology 
Co.,  Ltd,  China;  purity  >  99.9%),  and  NiO  (Sinopharm  Chemical 
Reagent  Co.,  Ltd,  China;  purity  >  99.9%)  powders.  All  ceramic 
powders  were  calcined  at  1173  K  for  2  h  in  air  prior  to  weighing. 
Different  starting  compound  powders  with  the  desired  molar  ratios 
were  weighed,  and  mixed  by  ball-milling  with  zirconia  balls  and 
ethanol  for  24  h.  The  mixtures  were  uniaxially  dry  pressed  at 
20  MPa  for  2  min  in  a  stainless  steel  die,  and  then  cold  isostatically 
pressed  at  200  MPa  for  5  min.  The  green  pellets  had  a  diameter  of 
13  mm,  with  a  thickness  of  about  3  mm.  The  disc  samples  were 
sintered  in  air  at  temperatures  of  1773—1973  K  for  10  h,  and 
subsequently  cooled  to  room  temperature. 

X-ray  diffraction  (XRD,  Rigaku  D/Max  2200VPC,  Japan)  with  Cu 
Ka  radiation  was  used  to  analyze  the  crystal  structure  of  the  sin¬ 
tered  samples.  X-ray  tube  voltage  and  current  were  set  at  40  kV  and 
30  mA,  respectively.  Data  were  collected  in  the  28  range  of  10°  and 
70°  with  a  scanning  rate  of  5°  min  while  slow  step-scans  with 
a  step  width  of  0.02°  and  a  step  time  of  3  s  were  carried  out  on  the 
diffraction  peak  of  (622)  in  the  26  range  of  56—60°.  The  bulk  density 
of  sintered  samples  was  determined  by  the  usual  volume  and 
weight  measurement  technique.  The  theoretical  density  of  sintered 
samples  was  calculated  by  using  mixing  rule  according  to  the 
density  and  volume  content  of  GdSmZr2C>7  and  NiO.  The 
morphology  of  the  sintered  samples  was  observed  using  a  field- 
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Fig.  2.  Relative  density  of  the  GdSmZr207  ceramic  with  and  without  1  wt.%  NiO  sin¬ 
tered  at  different  temperatures  for  10  h  in  air. 
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emission  scanning  electron  microscope  (FEI  Quanta  200F,  the 
Netherlands)  equipped  with  energy-dispersive  X-ray  spectroscopy. 
The  sintered  samples  were  covered  with  a  sputtered  thin  film  of 
gold  to  avoid  the  charging  problem  and  to  obtain  better  image 
definition. 

The  electrical  conductivity  of  sintered  samples  was  measured  by 
electrochemical  impedance  spectroscopy  (EIS)  in  the  40  Hz— 4  MHz 
frequency  range  using  an  impedance/gain-phase  analyzer  (Solar- 
tron™  SI  1260,  UK).  Platinum  electrodes  were  prepared  by  brush- 
painting  a  colloidal  platinum  paste  onto  the  surface  of  polished 
pellets  with  the  dimensions  of  8  mm  in  diameter  and  1  mm  in 
thickness.  The  pellets  were  then  dried  and  heated  at  1223  K  for  2  h 


in  air  to  erase  the  solvent.  Platinum  wires  were  attached  to  the 
surface  of  the  pellets  for  measurements.  Measurements  were  per¬ 
formed  in  air,  with  the  signal  amplitude  of  20  mV  at  open  circuit 
voltage  condition  using  the  Zplot  software.  Data  were  collected 
over  the  temperature  range  of  773-1173  K  in  50 1<  intervals,  with  an 
equilibration  time  of  30  min  before  each  measurement.  The  elec¬ 
trical  conductivity  of  sintered  samples  was  also  measured  at 
different  oxygen  partial  pressures  in  a  closed  tube  furnace  cell.  The 
oxygen  partial  pressure  p( O2)  ranged  from  around  1.0  x  10-4  to 
1.0  atm,  and  was  monitored  by  an  YSZ  sensor.  The  process  involved 
flushing  the  system  with  a  N2— O2  gas  mixture.  The  impedance  data 
were  analyzed  using  Zview  3.1c  software. 


Energy  (KeV)  Energy  (KeV) 


Fig.  3.  Surface  micrographs  and  EDX  analysis  of  the  GdSmZr207  ceramic  with  and  without  1  wt%  NiO  sintered  at  different  temperatures  for  10  h  in  air:  (a)  GSZ  sintered  at  1973  K, 
(b)  NGSZ  sintered  at  1773  K,  (c)  NGSZ  sintered  at  1823  K,  (d)  NGSZ  sintered  at  1873  K,  (e)  NGSZ  sintered  at  1923  K,  (f)  NGSZ  sintered  at  1973  K,  (g)  and  (h)  EDX  spectra  at  the 
locations  of  A  and  B  labeled  in  (e),  respectively. 
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3.  Results  and  discussion 

Fig.  1(a)  illustrates  the  XRD  plots  of  the  GdSmZr207  ceramic  with 
and  without  1  wt.%  NiO  sintered  at  different  temperatures  for  10  h 
in  air.  It  can  be  seen  that  XRD  patterns  of  the  GdSmZr207  ceramic 
with  and  without  1  wt.%  NiO  are  very  similar,  and  the  diffraction 
peaks  are  indexed  to  (111),  (311),  (222),  (400),  (331),  (511),  (440), 
(531 ),  (622)  and  (444)  planes,  matching  well  with  those  of  the  face- 
centered  cubic  pyrochlore-type  structure  [14,17,21],  No  secondary 
phase  could  be  identified.  Fig.  1(b)  shows  the  evolution  of  the  (622) 
peaks  of  the  GdSmZr207  ceramic  with  and  without  1  wt.%  NiO. 
Clearly,  no  noticeable  peak  shift  of  the  (622)  except  the  peak  shape 
change  is  observed  at  different  sintering  temperatures  due  to  the 
addition  of  1  wt.%  NiO.  From  Fig.  1,  it  is  concluded  that  there  is  no 
chemical  reaction  between  GdSmZr207  and  NiO,  which  is  consis¬ 
tent  with  the  results  reported  by  Li  et  al.  [22],  Fig.  2  shows  the 
relative  densities  of  the  GdSmZr207  ceramic  with  and  without 
1  wt.%  NiO  sintered  at  different  temperatures  for  10  h  in  air.  Clearly, 
the  relative  densities  of  the  GdSmZr207  ceramic  with  and  without 
1  wt.%  NiO  increase  with  increasing  sintering  temperature. 

Fig.  3  shows  typical  micrographs  of  the  GdSmZr207  ceramic 
with  and  without  1  wt.%  NiO,  which  are  taken  from  the  surfaces  of 
as-sintered  samples.  As  can  be  seen,  the  grains  of  the  samples  are 
polygonal,  with  a  heterogeneous  distribution.  From  Fig.  3(a)  and  (f), 
the  average  grain  size  of  the  sample  NGSZ  is  obviously  larger  than 
that  of  the  sample  GSZ  sintered  at  1973  K.  From  Fig.  3(b— f),  the 
average  grain  size  of  the  sample  NGSZ  gradually  increases  with 
increasing  sintering  temperature.  A  very  small  amount  of  second 


phase  (NiO)  can  be  clearly  observed  in  Fig.  3(d— f),  although  XRD 
patterns  do  not  identify  the  existence  of  the  second  phase  NiO.  The 
EDS  spectra  obtained  at  different  positions  of  A  and  B  labeled  in 
Fig.  3(e)  confirm  the  presence  of  the  GdSmZr207  phase  (position  A) 
and  NiO  phase  (position  B),  as  shown  in  Fig.  3(g)  and  (h),  which  are 
consistent  with  the  above-mentioned  XRD  results. 

Fig.  4  shows  the  impedance  spectra  and  schematic  equivalent 
electrical  circuit  plots  at  773  K  in  air  corresponding  to  the 
GdSmZr207  ceramic  with  and  without  1  wt.%  NiO.  This  temperature 
of  773  K  was  chosen  for  a  better  comparison  of  the  arcs  corre¬ 
sponding  to  grain  resistivity  at  high  frequencies  and  grain 
boundary  resistivity  at  intermediate  frequencies.  It  is  clearly  seen 
that  the  sample  GSZ  exhibits  a  higher  total  resistivity  than  the  NiO- 
modified  samples  except  the  sample  NGSZ  sintered  at  1773  K.  It  is 
also  significant  that  the  sizes  of  the  grain  arcs  are  obviously  larger 
than  those  of  the  grain  boundary  ones.  It  indicates  that  the  total 
resistance  is  mainly  governed  by  the  grain  resistance.  The  contri¬ 
butions  of  grain,  grain  boundary  and  electrode-electrolyte  are 
represented  by  three  equivalent  circuit  units,  of  which  consist 
parallel  resistance  and  constant  phase  element  (CPE),  as  shown  in 
Fig.  4(g).  Replacing  the  capacitance  by  CPE,  accounts  for  the  inho¬ 
mogeneity  of  microstructure  within  the  sintered  samples  [23]. 

The  EIS  analysis  allows  separating  the  grain  and  the  grain 
boundary  contributions  to  the  total  impedance.  In  this  work,  the 
contributions  from  grain  and  grain  boundary  were  separated  at  the 
temperatures  lower  than  1073  K  by  analyzing  the  capacitance  of  the 
arcs.  The  error  of  grain  resistance  and  grain  boundary  resistance 
between  the  experimental  measurements  and  the  fit  results  from 


Fig.  4.  Impedance  spectra  and  schematic  equivalent  electrical  circuit  plots  of  the  GdSmZ^Oy  ceramic  with  and  without  1  wt.%  NiO  at  773  K  in  air:  (a)  GSZ  sintered  at  1973  K, 
(b)  NGSZ  sintered  at  1773  K,  (c)  NGSZ  sintered  at  1823  K,  (d)  NGSZ  sintered  at  1873  K,  (e)  NGSZ  sintered  at  1923  K,  (f)  NGSZ  sintered  at  1973  K,  (g)  equivalent  electrical  circuit. 
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the  equivalent  circuit  model  in  Fig.  4(g)  using  Zview  3.1c  is  less  than 
1.0%,  respectively.  Fig.  5  shows  the  Arrhenius  plots  of  the  grain,  the 
grain  boundary,  and  the  total  conductivities  measured  in  air.  From 
Fig.  5,  the  grain  conductivities  of  all  measured  samples  are  quite 
similar,  as  only  very  small  amount  of  NiO  enters  into  the  grain 
structure.  Compared  with  the  grain  conductivity,  the  grain 
boundary  conductivity  exhibits  a  relatively  large  change  range.  This 
is  closely  related  to  the  increase  in  both  the  grain  size  and  the 
relative  density,  and  the  decrease  of  the  grain  boundary  density. 


Table  1 

Activation  energies  of  the  grain,  grain  boundary  and  total  conductivity. 


Samples  Activation  energy  (eV) 

Grain  Grain  boundary 

conductivity  conductivity 

GSZ  sintered  at  1973  K  074 

NGSZ  sintered  at  1773  K  0.74 
NGSZ  sintered  at  1823  K  0.74 
NGSZ  sintered  at  1873  K  0.73 
NGSZ  sintered  at  1923  K  0.73 

NGSZ  sintered  at  1973  K  0.72 


0.96 

1.02 

1.01 

0.92 

0.90 


0.77 

0.78 

0.76 

0.74 

0.73 

0.72 


vity 


1000/ r,  k' 


1000/ r.K"1 


Table  2 

The  total  conductivities  of  different  sintered  samples  at  typical  measurement 
temperatures. 


Samples  773  K  973  K  1173 1< 

(x  10~4  S  cm-1)  (x  10-3  S  cm-1)  (x  10“2  S  cm  ') 


GSZ  sintered  at  1973  K  2.93  2.60  1.01 

NGSZ  sintered  at  1773  K  2.58  2.60  0.96 

NGSZ  sintered  at  1823  K  3.98  3.30  1.05 

NGSZ  sintered  at  1873  K  3.56  3.16  1.06 

NGSZ  sintered  at  1923  K  3.72  3.21  1.06 

NGSZ  sintered  at  1973  K  5.09  3.44  1.10 


The  activation  energies  corresponding  to  the  grain,  grain  boundary 
and  total  conductivities  are  shown  in  Table  1.  They  are  in  accord 
with  those  previously  reported  in  the  similar  chemical  composi¬ 
tions  of  pyrochlore-type  rare-earth  zirconates  [13,14,16],  The  acti¬ 
vation  energy  for  the  grain  conductivity  is  almost  constant,  ranging 
between  0.72  and  0.74  eV,  for  different  sintered  samples. 

The  total  conductivities  of  different  sintered  samples  at  typical 
measurement  temperatures  are  shown  in  Table  2.  Clearly,  the  total 
conductivity  of  the  sample  NGSZ  sintered  at  1773  K  is  comparable 
to  that  of  the  sample  GSZ  sintered  at  1973  It  NiO  is  an  effective 
sintering  aid  for  the  GdSmZ^O?  ceramic.  NiO  additive  enhances 
greatly  the  densification  process  and  the  grain  growth,  and  reduces 
the  sintering  temperature  by  about  200  K,  without  adversely 
affecting  the  total  conductivity  of  the  GdSmZ^O?  ceramic.  In  this 
work,  the  total  conductivity  for  the  GdSmZ^O?  ceramic  with  and 
without  1  wt.%  NiO  is  about  1  x  10-2  S  cm-1  at  1173  K  in  air. 

In  order  to  clarify  the  conduction  carrier,  the  oxygen  partial 
pressure  p(02)  dependence  of  the  total  conductivity  for  the 
GdSmZr207  ceramic  with  and  without  1  wt.%  NiO  was  measured. 
Fig.  6  shows  the  total  conductivity  of  the  sample  NGSZ  sintered  at 


Log  PO2  (atm) 


Fig.  5.  Arrhenius  plots  of  the  GdSmZr207  ceramic  with  and  without  1  wt.%  NiO:  (a)  Fig.  6.  Oxygen  partial  pressure  dependence  of  the  total  conductivity  of  the  sample 
grain  conductivity,  (b)  grain  boundary  conductivity,  (c)  total  conductivity.  NGSZ  sintered  at  1773  K  in  air. 
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1773  K  as  a  function  of  oxygen  partial  pressure  at  different 
temperatures.  The  total  conductivity  of  the  sample  NGSZ  sintered  at 
1773  K  is  almost  independent  of  oxygen  partial  pressure  from 
1.0  x  1CT4  to  1.0  atm  at  each  test  temperature,  which  indicates  that 
the  conduction  of  the  sample  NGSZ  sintered  at  1773  K  is  purely 
ionic  conductivity  with  negligible  electronic  conduction  [24],  The 
total  conductivity  of  conventional  solid  oxide  electrolyte  such  as 
Zr0.92Yoo802_o  (YSZ),  which  is  used  in  SOFCs,  is  about 
8  x  10-2  S  cm  1  at  1173  K  [25],  Taking  into  account  that  the  total 
conductivity  (about  1  x  10-2  S  cm-1  at  1173  K)  of  the  GdSmZr207 
ceramic  with  and  without  1  wt.%  NiO  is  slightly  lower  than  that  of 
YSZ,  the  most  likely  applications  of  the  GdSmZr2C>7  ceramic  with 
and  without  1  wt.%  NiO  in  SOFCs  are  high-temperature  solid  elec¬ 
trolytes,  or  thick-film  electrolytes,  or  as  protective  layers  applied 
onto  Ce02-  or  LaGa03-based  solid  oxide  electrolytes  [25]. 

4.  Conclusions 

The  GdSmZr207  ceramic  exhibits  a  single  phase  of  the 
pyrochlore-type  structure.  No  chemical  reaction  between 
GdSmZr207  and  NiO  is  found  in  the  sintered  samples.  The  relative 
densities  of  the  GdSmZr207  ceramic  with  and  without  1  wt.%  NiO 
increases  with  increasing  sintering  temperature.  The  addition  of 
a  small  amount  of  NiO  as  a  sintering  aid  to  the  GdSmZr207  ceramic 
greatly  promotes  the  densification  process,  achieving  93%  of  the 
theoretical  density  after  sintering  at  1773  K  in  air.  This  reduces  the 
sintering  temperature  by  about  200  K,  without  adversely  affecting 
the  total  conductivity  of  the  GdSmZr207  ceramic.  The  grain,  grain 
boundary,  and  total  conductivity  of  the  GdSmZr207  ceramic  with 
and  without  1  wt.%  NiO  obey  the  Arrhenius  relation.  The 
GdSmZr207  ceramic  with  1  wt.%  NiO  is  an  oxide-ion  conductor  in 
the  oxygen  partial  pressure  range  of  1.0  x  10-4  to  1.0  atm  at  all  test 
temperature  levels. 
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